Computations by density functional theory (DFT) method are performed on a series of di-1H-1,3,4-triazole derivatives with different substituents and linkages. The heat of formation (HOF ) is predicted by the designed isodesmic reactions. The predicted results reveal that eN 3 and eN]Ne groups are effective structural units for increasing the HOF values of the di-1H-1,3,4-triazole derivatives. The HOMOeLUMO gap is affected by the substituents and linkage groups. Detonation performance is evaluated using the KamleteJacobs approach based on the calculated density and HOF. The results indicate that eNO 2 , eNF 2 , eNHe, eNHeNHe and eN]Ne groups are helpful for enhancing the detonation properties of di-1H-1,3,4-triazole derivatives. The bond dissociation energy and bond order of the weakest bonds are analyzed to investigate their stability. It is observed that the eCH 2 e, eCH 2 eCH 2 e and eCH]CHe groups are effective structural units for improving the stabilities of these derivatives. Considering the detonation performance and the stability, five compounds are screened as the potential candidates for high energy density materials.
Introduction
The synthesis and theoretical study on the nitrogen-rich compounds have received considerable interest in recent years [1e8] . Energetic nitrogen-rich compounds are potential candidates for high energy density materials (HEDMs) due to their large number of NeN and NeC bonds in molecular skeleton, which leads to high density, high positive heat of formation, good oxygen balance, and good stability. Triazoleebased energetic materials are most prominent among the nitrogen-rich compounds which appear to be a better compromise with high energy, performance and high stability due to nitrogen catenation and aromaticity [9] . Among them, 1H-1,3,4-triazole is an effective structural unit.
It is well known that properties of high energy, performance and high stability are often improved by making structural modifications. The formation of molecular complexes (e.g., die, tri, and polymers) is a conceivable way to increase the density and thermostability and improve the material properties of propellants and explosives [10] . Therefore, as we know, triazole connected on the N atom of heterocyclic is more prone to substitution reaction. Hence, it is easily to synthesize the high nitrogen compounds with better comprehensive properties. Thermodynamic calculations conducted at Los Alamos National Laboratory identified 2,5,2 0 ,5 0 -tetranitro-1,1 0 -bi-1,3,4-triazole(TNBT) as target molecule was likely to exhibit high performance [11] . 2,5,2 0 -triazido-1,1 0 -azo-1,3,4-triazole was synthesized [12] , which shows that tetrazene (NeN] NeN) can improve HOF but reduce the stability. However, the systematic and comprehensive molecular design still lacks for di-1H-1,3,4-triazole-based high energy density materials.
In this paper, the HOF, electronic structures, energetic properties, and thermal stabilities of a series of di-1,3,4-triazole derivatives with various substituents (eNH 2 ,eNO 2 , eNF 2 , eN 3 ) and different linkages (e, eCH 2 e, eNHe, eCH 2 eCH 2 e,eNHeNHe, eCH]CHe, eN]Ne) were systematically studied based on the density functional theory (DFT) method.
Computational methods
The object molecules, the series of 1H-1,3,4-triazole derivatives of which the molecules are numbered as (A1eA5, B1eB5, C1eC5, D1eD5, E1eE5, F1eF5 and G1eG5), are classified into seven groups, as shown in Fig. 1 . The hybrid DFTeB3LYP method [13, 14] in combination with 6e31G (d, p) basis set is used for structure optimization, which has been proved [15e18] to give quite reliable energies, molecular structures, and other properties. All quantum mechanical calculations were performed with Gaussian 03 program package [19] . The optimized structure of each molecule corresponds to only one local energy minimum on the potential energy surface without imaginary frequency.
The isodesmic reaction method is employed to calculate HOF. Here we design an isodesmic reaction in which the numbers of all kinds of bonds are kept constant to decrease the calculation errors of HOF. Because of the electronic circumstances of reactants and products are very similar in the isodesmic reactions, the errors of electronic correction energies can be counteracted, therefore, the errors of calculated HOF can be greatly reduced [20] . In these designed reactions, the basic structural unit of 1,3,4-triazole skeleton is kept constant, and the complex molecules are split into sample molecules. This method had been shown to be reliable [3,15,21e23] .
The HOF of di-1H-1,3,4-triazole derivatives at 298 K was obtained by isodesmic reactions, which is given as follows where R 1 ¼ eH, eNH 2 , eNO 2 , eNF 2 , eN 3 . R ¼ À, eCH 2 e, eNHe, eCH 2 CH 2 e, eNHeNHe, eCH]CHe, eN]Ne.
For the isodesmic reaction, the heat of reaction DH 298 at 298 K can be calculated from the following equation The HOFs of 1H-1,3,4-triazole-based derivatives can be estimated when the heat of reaction DH 298K is known. Therefore, the primary thing is to calculate DH 298K . DH 298K can be calculated by using the following expression
where DE 0 is the change in total energy between the products and the reactants at 0 K; DZPE is the difference between the zero-point energies(ZPE ) of the products and the reactants; and DH T is the thermal correction from 0 to 298 K. D(PV) equals DnRT for the reaction of ideal gas. For the isodesmic reaction here, Dn ¼ 0, so D(PV) ¼ 0.
Since the condensed phases of most energetic compounds are solid, the solid-phase heat of formation (DH f,solid ) is required in order to calculate the detonation properties. According to Hess's law of constant heat summation [27] , the gas-phase heat of formation (DH f,gas ) and heat of sublimation (DH sub ) can be used to evaluate the solid-phase heat of formation
Politzer et al.
[28e30] pointed out that the heat of sublimation of energetic compounds correlates well with the molecular surface area and the electrostatic interaction index ns 2 tot . The empirical expression for this approach is shown below
where A is the surface area of the 0.001 electrons/bohr 3 isosurface of the electronic density of the molecule; n describes the degree of balance between positive and negative potentials on the isosurface; and s 2 tot is a measure of the variability of the electrostatic potential on the molecular surface. The coefficients a, b, and c were determined by Rice et al.:
a ¼ 2.670 Â 10 À4 kcal mol À1 A À4 , b ¼ 1.650 kcal mol À1 , and c ¼ 2.966 kcal mol À1 [31] . The descriptors A, n, and s 2 tot were calculated using the computational procedures described by Felipe et al. [32] . This approach has been demonstrated to be a reliable way to predict the heats of sublimation of many energetic compounds [31e33].
The empirical KamleteJacobs equations [34, 35] were employed to estimate the values of D and P for high energy density materials. The equations are as follows
where D is the detonation velocity (km/s); P is the detonation pressure (GPa); N is the moles of detonation gas per gram of explosive; M is the average molecular weight of these gases; Q is the heat of detonation (Cal/g); and r is the density of explosives (g/cm 3 ). For known explosives, Q and r can be measured experimentally; thus, D and P can be calculated according to Eqs. (6) and (7) . However, for some compounds, Q and r cannot be estimated from experimental measurements. Therefore, Q and r need first to be calculated to estimate D and P. The heat of detonation Q was estimated by the HOF difference between the products and explosives according to the principle of exothermic reactions, i.e., all the N atoms are combined into N 2 , F atoms form HF with H atoms, or are combined into F 2 without H atoms, and oxygen atoms form H 2 O before CO 2 . If the content of O is not sufficient to satisfy full oxidation of H and C atoms, the remaining H atoms will convert into H 2 , and C atoms will exist as solid-state C. In the KamleteJacobs equations, the detonation products are assumed to be CO 2 (or C),H 2 O (or H 2 or HF or F 2 ), and N 2 , so the energy released in the decomposition reaction is maximized. The corresponding D and P values can be estimated using the values of density and Q. The theoretical molecular density used in this work was slightly greater than the practical loaded density. Therefore, according to the KamleteJacobs equations, the values of D and P can be regarded as their upper limits.
For each di-1H-1,3,4-triazole derivative, the theoretical density was obtained from the molecular weight divided by the average molecular volume. The volume is defined as that inside the density contour of 0.001 electrons/bohr 3 , which was estimated using Monte Carlo integration. We performed 100 single-point calculations for each optimized structure to get the average volume at B3LYP/6-31G(d,p) level. The crystal density can be improved by introducing the interaction index ns 2 tot [36] :
where M is the molecular mass (g/mol); and V (0.001) is the volume of the 0.001 electrons/bohr 3 contour of electronic 
density of the molecule (cm 3 /molecular). The coefficients a, b, and g are 0.9183, 0.0028, and 0.0443, respectively [36] . The HOMOeLUMO gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) can be correlated with the sensitivity of the molecules [37] . The HOMOeLUMO gap of di-1H-1,3,4-triazole derivatives was predicted using DFT at B3LYP/ 6-31G(d,p) level.
The bond strength can be estimated by bond dissociation energy, which is fundamental to understand the chemical processes [38] . The energy required for bond homolysis at 298 K and 1 atm corresponds to the enthalpy of reaction A-B(g)dA(g) þ B(g), which is the bond dissociation enthalpy of the molecule A-B by definition [39] . For many organic molecules, the terms "bond dissociation energy" and "bond dissociation enthalpy" often appear interchangeably in the Ref. [40] .
Thus, at 0 K, the homolytic bond dissociation energy can be given in terms of
The bond dissociation energy (BDE ) with zero-point energy (ZPE ) correction can be calculated by the following equation
where DZPE is the difference between the ZPEs of the products and the reactants without basis set superposition error (BSSE).
Results and discussion

Heat of formation
Here we investigated the effects of different substituents and linkages on the heats of formation of di-1H-1,3,4-triazole derivatives. Table 1 lists the total energy, ZPE, thermal correction and relative error for 13 reference compounds in the isodesmic reactions. The experimental HOFs of CH 4 , CH 3 NH 2 , CH 3 NO 2 , CH 3 CH 3 , CH 3 NHCH 3 , CH 3 CH 2 CH 3 , CH 3 (CH 2 ) 2 CH 3 , CH 3 (NH) 2 CH 3 , CH 3 CH]CHCH 3 and CH 3 N]NCH 3 were taken from Refs. [24e26]. To validate the reliability of our algorithm, the HOF values of these compounds were calculated at G2 level from the atomization reaction. The results show that the HOF values were in accordance with the experimental values. The largest relative error for these compounds is 4.32%. Therefore the HOF values from the G2 level are expected to be reliable in this work. Table 2 summarizes the total energy, ZPE, thermal correction, and HOF for the di-1H-1,3,4-triazole derivatives. All the derivatives exhibited high positive HOF. It is clear that, when eN 3 and eNO 2 were attached to the parent compound, the HOF values increased compared with the unsubstituted case, whereas the opposite was true for the substituents eNH 2 and eNF 2 . In addition, it is worth noticing that eN 3 group extremely enhances the HOF value compared with parent di-1H-1,3,4-triazole. These observations indicate that eN 3 group plays an essential role in increasing the HOF values of di-1H-1,3,4-triazole derivatives. Fig. 2 shows a comparison of the HOF values of di-1H-1,3,4-triazole derivatives with different linkages. The HOF values of the structures having eNHe linkage (C series), eNHeNHe linkage (E series) and eN]Ne linkage (G series) were higher than those of the directly linked di-1H-1,3,4triazoles (A series) with the same substituents. But when the linkages were eCH 2 e(B series), eCH 2 eCH 2 e(D series) or eCH]CHe(F series), the situations were opposite. And the order of HOF value of the structures possessing linkage groups can be given as eN]Ne > eNHeNHe > eNHe > e > eCH]CHe > eCH 2 e > eCH 2 eCH 2 e. We noticed that the di-1H-1,3,4-triazole with the conjugated linkage eN]Ne and eCH]CHe had higher HOF values than the corresponding ones with the unconjugated linkage eNHeNHe and eCH 2 eCH 2 e. The reason for this situation may be that the two 1H-1,3,4-triazoles and the conjugated linkage forms a big conjugated system. Di-1H-1,3,4-triazoles linked by the azo linkage (eN]Ne) had the largest HOF values among the derivatives with the same substituents. This indicates that azo (eN]Ne) is an effective linkage for increasing the HOF values of di-1H-1,3,4-triazole derivatives. The HOF value of G5 (di-1H-1,3,4-triazole with linkage group of eN]Ne and substituent of eN 3 ) is the largest one among these derivatives, which is in agreement with the analysis result.
Electronic structure
The HOMOeLUMO gap is correlated with the sensitivity of material within the limitations of DFT [42] . In general, the smaller the HOMOeLUMO gap is, the easier the electron transition is, and the larger the sensitivity is. Table 3 lists the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energies and the energy gaps (DE LUMOeHOMO ) for the di-1H-1,3,4-triazole derivatives. It is found that the HOMOeLUMO gaps of all substituted derivatives are smaller than those of the corresponding unsubstituted di-1H-1,3,4-triazoles. It is interesting to note that HOMOeLUMO gaps are in the order of eH > eNH 2 > eNF 2 > eN 3 > eNO 2 except for G series. While the order is eH > eNF 2 > eNO 2 > eN 3 > eNH 2 in G series, the substituents have the effect on the HOMOeLUMO gaps of various series. The order was found to be e > eCH 2 eCH 2 e > eCH 2 > eNH > eNHeNHe > eCH]CHe > eN]Ne by comparing the derivatives with the same substituents and different bridges. Among these derivatives, A1 had the largest HOMOeLUMO gap, whereas G5 had the smallest one. Since the molecule with smaller HOMOeLUMO gap was expected to have a higher reactivity and a lower stability in the chemical or photochemical processes with electron transfer or leap [43, 44] , it might be inferred that the eN]Ne bridged di-1H-1,3,4-triazole had the highest reactivity among these bridged derivatives.
Energetic properties
Detonation velocity (D), detonation pressure (P) and heat of detonation (Q) are important performance parameters for an energetic material. The KamleteJacobs equations show that the density r is a key factor to influence D and P [45] . Thus r is an important physical property for all energetic materials. Table 4 lists the calculated r, Q, D, P and oxygen balance (OB) of the di-1H-1,3,4-triazole derivatives. For a comparison, the experimental detonation properties of 1,3,5-trinitro-1,3,5triazinane (RDX) and 1,3,5,7-tetranitro-1,3,5-tetrazocane (HMX) are also listed in Table 4 .
The density values of all the substituted di-1H-1,3,4triazole are larger than those of unsubstituted molecules. The eNF 2 group increases the density of the di-1H-1,3,4-triazole derivatives compared with other substituents. To improve the density, the order can be given as eNF 2 > eNO 2 > eN 3 > eNH 2 . When the linkages are eCH 2 eCH 2 e (D series) and eCH]CHe (F series), the density values of the di-1H-1,3,4-triazole derivatives are smaller than those of the directly linked di-1H-1,3,4-triazoles with the same substituents. When the linkages are eCH 2 e (B series), eNHe (C series), eNHeNHe (E series) and eN]Ne (G series), the density of di-1H-1,3,4-triazole with eN 3 or without substituent is higher than that of the corresponding directly linked di-1H-1,3,4triazole. This indicates that the effects of the linkages eCH 2 e, eNHe, eNHeNHe and eN]Ne on the density values were coupled to those of the substituents. Specially, the eNHe linkage with eNF 2 substituent (C4) has the largest r values among all of the derivatives.
The calculated heat of detonation in Table 4 shows that the substituents eNO 2 , eNF 2 , and eN 3 increase the heat of detonation compared with that of the corresponding unsubstitued di-1H-1,3,4-triazoles, whereas the opposite is true for eNH 2 . The different linkage groups also have different effects on the detonation heats of the di-1H-1,3,4-triazole derivatives. On the whole, eN]Ne is an effective group for enhancing the detonation heats of di-1H-1,3,4-triazole derivatives.
When the substituent is eNH 2 , the density values of derivatives increase but the heat of formation decrease, so D and P values of A2, F2 and G2 are larger than those of their unsubstituted homolog ineNH 2 derivatives. When eNO 2 , eNF 2 and eN 3 are attached to di-1H-1,3,4-triazole, they can increase both density and heat of formation, leading to larger D and P values of all the substituted derivatives compared with their unsubstituted homolog.
It is also found that D and P values of eNHe, eNHeNHe, and eN]Ne derivatives are higher than those of the directly linked di-1H-1,3,4-triazoles with the same substituents. But eCH 2 e, eCH 2 eCH 2 e and eCH]CHe linkage groups are unhelpful in increasing the detonation properties of the di-1H-1,3,4-triazole derivatives. Based on the above analyses, it can be concluded that eNO 2 , eNF 2 , eNHe, eNHeNHe and eN]Ne groups are the effective structural units to enhance the detonation properties of di-1H-1,3,4-triazole derivatives. Fig. 3 shows the calculated D and P values of the di-1H-1,3,4-triazole derivatives together with commonly used explosives RDX and HMX. It is found A3, A4, B4, C3, C4, D4, E3, E4, F4, G3 and G4 exhibit better detonation performances (D and P) compared with HMX, which is one of the most widely used energetic ingredients of various high-performance explosives and propellant formulations. Although it was reported that A3 (TNBT) and G5 have been successfully synthesized [46, 47] , some of their detonation properties have still undetermined yet. In addition, the syntheses of other energetic compounds have not yet been reported. If A4, B4, C3, C4, D4, E3, E4, F4, G3 and G4 could be synthesized, they would have higher detonation performance. Thus, we should make further investigations on this kind of compounds in the future.
Stability
The bond dissociation energy (BDE ) provides useful information for understanding the stability of a molecule. Generally speaking, the lower the bond dissociation energy is, the weaker the bond would be, which will be the trigger bond. The sensitivity and stability of the energetic materials are Table 5 it can be known that the BDE value of the linkage bond is smaller than those of other bonds in the same molecule except for B3, D3, D4, F3 and F4. It may be inferred that the linkage bond may be the weakest one and the breakage of linkage is possible in thermal decomposition, and the BDE values are affected by both substituent and linkage group. It is found by comparing the derivatives with the same substituents and different linkages that eCH 2 e, eCH 2 eCH 2 e and eCH]CHe linkage groups can increase the BDE values substantially. For the same linkage group but different sunstituent, all the substituent groups are attached to the parent compounds, their BDE values decrease, and the order can be given as eH > eNO 2 e NF 2 > eN 3 > eNH 2 . Fig. 4 shows BDE of the weakest bonds of the di-1H-1,3,4triazole derivatives along with RDX and HMX. It is easily noticed that the BDE value of the weakest bond in the derivatives is higher than that of HMX when the linkage groups are eCH 2 e, eCH 2 eCH 2 e and eCH]CHe. As it is well known, a good nitrogen-rich HEDM candidate not only has excellent detonation properties but also exist stably. A3, B4, D4, E3 and F4 possess better detonation performances (D and P) and stabilities (BDE ) compared with HMX. Therefore, these five compounds could be considered as potential candidates for HEDM with enhanced performance and reduced sensitivity.
Conclusions
In this paper, the DFT-B3LYP method was used to study the heat of formation (HOF ), electronic structure, energetic properties, and stability of a series of di-1H-1,3,4-triazole derivatives with different linkages and substituents. The results show that eN 3 and eN]Ne groups play a very important role in increasing the HOFs of di-1H-1,3,4-triazole derivatives. A1 has the largest HOMOeLUMO gap, whereas G5 has the smallest one. The effects of substituents on the HOMOeLUMO gap combine with those linkage groups.
The calculated detonation velocities and detonation pressures of the di-1H-1,3,4-triazole derivatives indicate that eNO 2 , eNF 2 , eNHe, eNHeNHe and eN]Ne groups are the effective structural units for enhancing the detonation properties. An analysis of the bond dissociation energy (BDE ) for several relatively weak bonds suggests that eCH 2 , eCH 2 eCH 2 e, and eCH]CHe groups are the effective structural units for improving the stability of di-1H-1,3,4triazole derivatives.A3, B4, D4, E3 and F4 were screened as potential candidates for HEDM with enhanced performance and reduced sensitivity. 
